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Determination of voltage clianges using a voltage-sensitive dye 

Description 

The present invention relates to a method of detemiining voltage changes, e.g. in 
cell membranes, by means of a voltage-sensitive dye. 

The recording of neuronal activity is an essential prerequisite to Investigate the 
electric function of nen^e cells, neuronal networks and the brain. Such applications 
basically require dyes exhibiting a great fluorescence change, at small voltage 
changes. Numerous dyes have been developed to this end over the years ( Loew 
L.M.: BonnevilJe, G.W.; Surow. J.. Biochemistry 1978, 17, 4065; Loew, Lm' 
Simpson, L.L. Biophys. J. 1981, 34. 353; (9) Fluhier. E.. Bumham. V.G.. Loew L m' 
Biochemistry 1985. 24, 5749; Grinvald. A.. Hildeshelm. R.. Farber, I.C.. Angllster L 
Biophys. J, 1982. 39. 301; Grinvald. A.. Fine. A.. Farber. I.C.. Hiidesheim. ' R 
Biophys. J. 1983. 42. 195). especially the dyes di-4-ANEPBS and RH-421. Most 
popular are styrene-type hemicyanines where aniline as an electron donor Is Joined 
to pyridlnium as ah electron acceptor by one, two or three conjugated CC double 
bonds. 

In conventional methods of detemilning voltage changes, particularly In the case of 
nerve cells, however, the problem is that voltage-dependent dyes typically indicate 
fluorescence changes of only a few percent per 100 mV membrane voltage change 
Therefore, the signal-to-nolse ratio is often very low due to an excitation in or 
including a highly efficient absorption range- of the dye: Farther; due tb a" -stfortg - 
phototoxicity of most photosensitive dyes only short measurement times are possible 
for a single cell. 



An object of the present invention, therefore, was to provide a new process for an 
improved measurement of voltage changes overcoming the limitations of the prior art. 



Aocordrng to the .^enflon thfe o^ect is solved by a p^oess for determWng voltage 
changes by means o« a voltage-sensitlve dye. characterized In *at the voHage- 
sensrtve dye Is liradlated wBh ligh, having a wavelengtt,, at whioh the dye has an 
abson>Uon ^ 20% of Its absorpfion maximum and the fluo^scence caused by 
irradiation with light Is measured. 

Aocording to ttie Invention changes In voltage, in particular. In transmembrane 
voltage, are detemilned using voltage-dependent dyes, which show a change in 
fluorescence depending on the voltage they experience. UsuaHy lamps and filters or 
lasers are used for excitation. However, excitation can be effected by any light 
source. According to the Invention excitation Is effected at a wavelength or a 
wavelength band, at which absorption of the dye Is i 20%. preferably s 10% i„ 
particular, s 5%. more preferably s 3% and most preferably s 2% of the absorp^on 
maximum. According to the invention no light Is in^ated to the dye. which has a 
wavelength, at which the absorption of the dye is a 20%. preferably a io% In 
partK:ular. a 5%. more preferably a 3% and most preferably ^ 2% of Its absonjt'ion 
maximum. Surprisingly, it has been found that in the case of such measurements at 
the spectral egde. especially at the red spectral edge of the excitation spectrum (i e 
at the edge shifted towards light having longer wavelength, related to the absorption 
maximum), the sensitivity of measurement is increased. 

According to the Im^mion, partlcuiarly, an Increase or decrease of fluorescence Is 
measured which can be obsen«d in the case of the photosensitive dyes when 
radiated with light due to a change in voltage of the environment, e.g. a change of 
transmembrane voltage. 

SpecHically. «,e Invention lelates to a method of measuring voltage changes in ceils 
such as nen/e cells and In cell membranes. 

According to the Invention, a voltage-sensitlve dye is used. SuKabte dyes ar» 
described in literature (Loew. L.l«.. Bonneville. G.W., Surow. J.Bfoohemlslry 1978 
17 4065; Loew. L.M.. Simpson, L.L. Biophys. J. 1981, 34. 353; Ruhler, E.. Burnham' 
V.G., Loew, L.M., aochemistry 1985. 24.5749; Grinvald, A.. Hildesheim, R.. Fari^r' 
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I.e., Anglister, L Biophys. J. 1982, 39, 301; Grlnvald, A., Fine, A., Farber, I.C., 
Hildesheim, R. Biophys. J. 1983, 42. 195). Suitable fluorescent dyes, for example, 
are hemicyanines having a hydrophilic head group and a hydrophobic end region. 
The hydrophilic part usually comprises a sulfate group (negatively charged) and 

5 pyridine (positively charged), while the hydrophobic end is composed of aniline and 
two hydrocarbon groups. Thus, the dyes are amphiphilic and deposit in lipid 
membranes. In the case of these dyes the chromophore being a coherent electron 
system is formed by pyridine and aniline which are interconnected by alternating 
single and double bonds of hydrocarbons. Such dyes show an electrochromic 

10 response to membrane voltage changes, a solvatochromic effect, photoisomerism of 
CC double bonds and photorotamerism of CC single bonds. The electrochromic 
effect is due to the Stark effect. The solvatochromic effect leads to a movement of 
the dye in its surrounding solvent due to changes in the electric field, which also 
results in spectral changes. 

1S 

According to the invention hemicyanlne dyes having linearly anellated benzene rings 
are preferably used as they do not show solvatochromic effects during voltage 

■ 

changes and as they cannot isomerize or rotate (no CC single or CC double .bonds). 
Preferred are those hemicyanlne dyes with at least 3, in particular, at least 4, more 
20 preferred at least 5 and most preferred at least 6 and up to 20, more preferred up to 
1 0 and most preferred up to 8 linearly anellated benzene rings. Preferred compounds 
have the formula 




and more preferred compounds comprise the compounds ANNINE.4. ANNINE-5 
ANNINE-6 and ANNINE-7 having the general formula 
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15 



20 



25 







ANNlNE-6 




ANNiNE-7 



30 



Wherein each R independently is a hydrocarbon residue which can be linear or 
branched, saturated or moho- or polyunsatured and which has1-30, preferably 1-10 
carbon atoms, and may be substituted with hydroxyl, 
is a monovalent residue, 

n is an integer from 1 to 9 and m is an integer from 0 to 8. Particularly Ri is an 
organic residue comprising l to 50. In particular. 1 to 30 C atoms and optionally 
heteroatoms. In particular, selected from N. S. O and P. While can be neutral it is 
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preferably a negatively or positively charged residue. preferably Is a iiydrocarbon 
residue which can be linear or branched, saturated or mono- or polyunsatured and 
which has1-30. preferably 1-10 carbon atoms, e.g. methyl, ethyl, propyl, butyl, etc. 
Especially preferably Ri is a residue R^-SOa- .wherein R^ is a hydrocarbon group 
which can be linear or branched and either saturated or mono- or polyunsatured and 
which has 1-30, particularly 1-10 carbon atoms. In a further preferred embodiment 
is a positively charged residue such as R2-N*(R)3, e.g. (CH2)3N-(CH3)3. forming a 
dicatlonic dye. Such dicationic dyes show Improved solubility in water up to total 
water solubility (without any need of additional organic solvents) while retaining 
voltage sensitivity. Especially preferably R is butyl residue and R^ is a residue 

(CH2)4S03-. 



In particular, the dyes ANNINE-5. ANNINE-6, ANNINE-7 and ANNINE-8 show a pure 
electrochromic response to membrane voltage changes. This leads to a sensitivity 

15 increase at the red edge of the spectrum. Using nan-owband excitation (laser) (e.g. < 
40 nm width) at the very long-wavelength edge of the spectrum, sensitivities of up to 
90% fori 00 mV can be achieved. The pure spectral shift caused by the Stark effect , 
which is not overlapped by other effects, e.g. solvatochromlsm. offers numerous 
advantages In practice. Sensitivity is increased and the spectra obtained are 
20 markedly easier to understand. Further, specifically ANNINE-6 and ANNINE- 7 show 

. a very large intramolecular charge shift that leads to a strong spectral shift and so to 
the extremely high sensitivity. 

The pure spectral shift ensures that the sensitivity increases sharply at the spectral 
2s edge. Thiis means that the effective signal-to-nolse ratio decreases much less than 
the absorption crdss-sedidh and the ihfdfmatioh obtained per absorption -event 
strongly increases. Since phototoxicity is dependent on absorption, this also means 
that either the number of tests which can be carried out on a cell can be Increased or 
the sensitivity of the tests can be enhanced. When increasing the excitation 
30 wavelength, a thermodynamlcal limit is nearly reached, at which no further sensitivity 
increase is achieved. In the case of ANNINE-6 and an excitation wavelength of 515 
"m a sensitivity ot +wyo roi • l OU iiW (oi -4b7o lOf + iUO i ii V) fo i dvos iui^ i uui^ i o. i ui 



the outer side of the membrane and +90% for +100 mV (or -45% for -100 mV) for 



dyes incorporated inside the cells (as expected) could be achieved. This sensitivity Is 
four times higher than the highest hitherto published value. Such high sensitivities 
also enable the detection of small (e.g. ^ 10 mV, particulary ^ 5 mV) and/or rapid (1 
ms time resolution) voltage changes. This sensitivity range is not covered by existing 
high throughput screening methods. The increased relative changes furthermore 
reduce the dependency on instrumental shortcomings, e.g. variations of the 
illumination intensity. 

« 

in the case of the dye ANNINE-6 measurement is canrled out preferably at 
waveienths In the range of from 500 nm to 530 nm. 

■ 

It has been found that sensitivity (I.e. the relative fluorescence change) at 
wavelengths which are closer to the absorption maximum (i.e. ranges having an 
absorption > 5%) is not so good as in the range according to the invention. 

i 

Another advantage of the ANNINE dyes preferably used according to the invention is 
their quick reaction, so measurements in the sub-microsecond range are possible. 

* • 

As the mechanism of voltage sensitivity In ANNINEs is very simple, they show the 
same voltage sensitivity in cells so different as leech neurons and HER293 cells. 
Therefore, they can be used for all different cell types. This can also become 
Important for calibration^. * 

In hemlcyanlne dyes with aneilated benzene rings there is no photorotamerism and 
no photoisomerism around CC double bonds and CC single bonds. Their 
solvatochromism in bulk solvents suggests an intramolecular charge shift that is 
distinctly larger than In homologous styryl type hemicyanines. They are simple and 
most efficient voltage sensitive probes of voltage transients in biological membranes. 
In addition the ANNINE dyes may be used as sensitive probes of polarity and local 
electrical fields in colloids and polymers. Strong nonlinear optical effects are also 
expected. 
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Finally, It is also to be noted that molecules are Inefficiently excited by irradatlon at 
the edge of the absorption spectrum (I.e. at ^ 5% of the absorption maximum). To 
achieve higher excitation the Intensity of the light In-adlation can be increased. In this 
way the signal-to-nolse ratio can be adjusted. In this way a longer measurement time 
and/or reduced damage to the tested cell can be achieved by exciting few 
molecules. 

In another preferred embodiment of the invention voltage-sensitive dye signals were 
obtained with two-photon excitation. Thereby the same total energy as In the case of 
the above-described one-photon method Is provided by two photons, i.e. the 
wavelength of the photons in the case of two-photon excitation is twice as long. The 
same sensitivities could be achieved at the corresponding excitation wavelengths, 
which allows to combine the high-voltage sensitivity of the above-described method 
with the advantages of two-photon excitation. The extreme red excitation using two- 
photon exciatlon allows the use of the complete emission (fluorescence) spectrum, 
even If the corresponding excitation wavelength based on one-photon excitation were 
within the emission (fluorescence) range of the dye. Two-photon excHatlon especially 
offers the advantages of deep penetration into the tissue, low phototoxicity because 
absoprtion takes place only in the focus as well as low background fluorescence. Due 
to this the method can be performed even more reliably. 



The Invention is further illustrated by the enclosed Figures and the Examples given 
below. 



Example 1 — - .. 

Synthesis of ANNINE dyes 

The ANNINE dyes were assembled by combining four different donor moieties (D, 
D4) with two different acceptor moieties (At - Aa) as illustrated In Fig. 2. 

3-N,N-Dlbutyl ai i H i iubuiyl b en zo ato (1)^". 1 -l odob Htn n o (11 1 .3 ml. 1 m ol ) v i/as^ 



added to a mixture of S-amlnobenzoic acid (Fluka. Switzerland, 34.3 g. 250 mmol) in 



9 

250 ml DMF and KaCOa (103.5 g, 750 mmol). The mixture was stirred at 100 
overnight and distributed between EtOAc and water. The organic layer was washed 
with brine, dried (NaaSOA) and concentrated in vacuo. Pure 1 (64.9 g, 85 % yield, 
colouriess oil) was obtained by distiilation (bp 163 ''C, 0,01 mbar). 

3-N,N-DibiJtylamfnobenzyl alcohol (2). To a magnetically stirred mixture of LiAIH, 
(5.3 g. 140 mmol) in 200 ml of anhydrous diethyl ether was added dropwise a 
solution of 1 (74.1 g, 240 mmol) in 200 ml anhydrous diethyl ether. The mixture was 
stirred overnight, then quenched by addition of ice cold water, triturated with 40 % 
NaOH and the organic layer separated. The ether extract was washed with brine 
dried (NazSOO and evaporated. Destination provided 2 (oil, bp 105 -1 10 »C,.0.01 
mbar, 91 % yield). 

3.N.N-Oibutyiamlnobenzyl chloride (3). PCis (46.0 g, 220 mmol) was added in 
portions to 2 (52.3 g, 220 mmol). The black viscous mixture was stin-ed at 1 0O'C for 
1 h and then at room temperature overnight. The reaction mixture was quenched 
with ice and diluted ammonia and extracted with ether. The extract was washed with 
brine, dried (Na2S04) and the solvent was evaporated. Chromatography (SiQ2, 
EtOAc: heptane 1 8:5) provided pure 3 (oil, bp 95 •C, 0,01 mbar, yield 79 %). 

3-N,N-DibiJtylamlnobenzyltrlphenylphosphonium chloride (4). A solution of 3 
(19.4 g, 152 mmol) and PPha (40 g, 152 mmol) In 120 ml toluene was refluxed for 16 
h at 1 1 0 "C. Upon cooling the white precipitate was collected, washed with Et20 and 
dried for 24 h at 50*C in vacuo to yield pure 4 (mp 1 65 *C. yield 63 %). 

■ 

1-Bromo-6-N,N-dlbutylamlnonaphthalene (5). The synthesis was performed 
similariy to that previously described for 6-bromo-2-N,N-dibutylaminonaphthalene2«'. A 
mixture of e-amino-l-bromonaphthalene^' (29.15 g, 131 .2 mmol, obtained from 2- 
nitronaphthalene (Lancaster, U.K.), 1 -bromo-e-nitronaphthalene^-^^ and 
subsequent reduction), 1-iodobutane (52.5 ml, 492.2 mmol) and anhydrous KzCOa 
(36.0 g, 260 mmol) was heated in 250 ml diy DMF at 1 30'»C for 48 h. Upon cooling 
water was added and the mixture extracted with CHCIa several times. The organic 
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extracts were dried (Na2S04) and the solvent evaporated. By chromatography (SiOz, 
EtOAc: heptane 3:7) pure 5 (brown oil, yield 77 %) was obtained. 

6-N,N-DlbiJtyIamino-1-cyanonaphthatene (6)^. A mixture of 5 (3.3 g, 10 mmol) and 
CuCN (1 .07 g, 12 mmol) and 1 0 ml dry pyridine were refiuxed at 220 **C for 72 h. 
Upon cooling and evaporation of the solvent the compound 6 (yellow solid, mp 33°C, 
yield 78 %) was isolated by chromatography (SiOs, EtOAc: heptane 3:7). 

6-N,N-Dibutylaminonaphthalene-1-carboxyHc acid (7). A solution of 6 (1 .4 g, 5 
mmol) and NaOH (0.3 g, 7.5 mmol) in 20 ml 1-pentanole was stirred at 170 ''C for 72 
h. Then the solvent was evaporated and the residue distributed between EtOAc and 
water and acidified with 1 N HCI to pH 6. The organic layer was separated and the 
water extracted twice. The combined organic layer was dried (Na2S04) and 
evaporated to give 7 (yellow solid, mp 78 ""C, quant.). 

6-N,N-Dibutylamino-1-hydroxymethylnaphthalene (8)^^ To a stirred and ice- 
cooled mixture of LiAIH4 (0.6 g, 15.8 mmol) and dry diethylether (50 ml) a solution of 
7 (5.6 g, 1 8.7 mmol) in 70 ml dry diethylether was added dropwise; then the cooling 
was removed and the mixture stirred overnight. After the addition of water the 
resulting precipitate was removed by filtration; then the organic layer was washed 
with brine and dried (Na2S04) and the solvent was evaporated. The resulting 
compound 8 (oil, yield 90 %) still containing minor impurities was used for the next 
step. The direct synthesis of 8 starting from 5 via the lithiated intermediate and 
subsequent reaction with formaldehyde is also possible but less effective. 1- 

Bromomethyl-6-N,N-clibutylaminonaphthalene (9)^\ To a solution of the alcohol 8 
(14.5 g, 51 mmol) In 60 ml of toluene PBra (2.4 ml, 26 mmol) was added under 
vigorous stirring. After the reaction mixture was stirred overnight, icy-cold water smd 
then 10 % NaHCOa was added. The product was extracted with EtOAc, the organic 
layer washed with brine, dried (Na2S04) and the solvent evaporated. After purification 

hy nnliimn nhrn i Mi uh i^ ji ^ | il 7 ( r ^in - , nnf\^r hoptnne 1 ;4) 13 P j Q ( y ^linw nil- whinh 

solidifies in the freezer; yield 75 %) were obtained. 
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6- N,N-DibutylamlnonaphthyI-(1).methyltrlphenylphosphonlumbromid (1 0). A 

solution of 9 (12.7 g, 36.6 mmol) and PPha (9.6 g. 36.6 mmol) In 40 ml was refluxed 
for 7 h. Upon cooling 450 ml diethylether were added and the precipitate washed with 
diethylether twice to give pure 10 (22 g, mp 1 85-1 88 °C, yield 99 %). 

2-Methoxymethylbenzaldehyde (11). 1 .2-Bls(hydroxymethyl)benzene (Lancaster. 
U.K.) was reacted to 2-methylmethoxybenzyl alcohol (1 equlv. NaH in THF, then Mel, 
oil, yield 50% ); subsequent oxidation (MnOa in CHCI3) resulted 1 1 (oil bp 52 
(0.012 mbar). yield 82?/o)^. 

7- N,N-DibutylamlnophenanthiyKl)-inethyllrlphenylpfiosphonlumbromlde(12) 

resp.8-N,N-dlbutyl-aminochrysenyl-(1).methyftrIphenylphosphonlumbromide 
(13). 20 mMol of the phosphonlum salt 4 resp. 10 and 20 mlVIoi sodiummethoxide 
were dissolved In dry methanol and stirred at 60 for 3 h. Then 20 mMol of the 
aldehyde 11 In MeOH were added dropwise and the solution was allowed to reflux 
overnight. After evaporation of the solvent the crude product was purified by 
chromatography (silicagel; EtOAc:heptane 1 :5) ; the obtained alkenes E/Z-2-(3-N,N- 
dibutylamino-styiyObenzylmethyiether 14a (yield 50%) resp. E/Z-2-(6-N.N- 
dibutylamlno-1-naphthyl)vlnylben2ylmethyiether 15a (yield 61%) were cycllzysed as 
described below (20 h. solvent CHaCb) to the 7-N.N-dlbutylamlno-1-methoxy- 
methylphenanthrene 14 (yield 40%, oil) resp. 2-N.N-dibutylamino-7- 
methoxymethylchrysene 15 (yield 50%. m.p. 215 »C). 10 mMol of the ethers 14 resp. 
15 were stirred with 20 ml 62% HBr at 60 «C forlO min. After neutralisation (KHCO3) 
the crude products were extracted with CHCI3 and purified by chromatography 
(silicagel; EtOAcrheptane 1:5) to receive 7-N,N-dibutylamino-1- 
bromomethyiphenanthrene 16 (yield 53%,oil) resp. 2-N.N-dibutyIamlno-7- 
bromomethylchrysene 17 ( yield 50%. m.p. 186 «C (dec.)). Treatment of 16 resp.17 
with triphenyiphosphlne yielded the phosphonium salts 12 (yield 81%. m.p. 213-214 
''C) resp. 13 (yield 93%. mp 206 "C). 



S-Formylisoqulnollne (18) was obtained from 5-bromoisoqulnoline^ in analogy to 4 
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formylisoquinoline^^ (mp 11 6 "C ^, yield 55%). 

E/Z-3-(3-N,N-DibiJtylamlnostyryl)-pyridrne (19): 3.5 mMol of the phosphonium salt 
4 was dissolved in dry MeOH, 1 90 mg (3.5 mMol) NaOMe was added and the 
mixture was allowed to reflux for 3 h; then 3.5 mMol of the 3-formylpyrldlne (Fluka) 
dissolved in MeOH was added; then the solution was refluxed overnight The E/Z 
mixture was isolated by flash chromatography (silicagel, EtOAc:heptane 1 :1). Yield 
28%, yellow oil; EIMS m/z308 (M*), 265 (M^-CaHy, CaiHzeNz requires 308.2). 

E/Z-3-(6-N,N-DlbutylamIno-1-naphthyl)-vinylpyridine (20): Same procedure as 
described for 19, but using the phosphonium salt 10. Yield 85%, yellow oil; EIMS 
m/z 358 (M*), 31 5 (M^-CaH?. C25H3oN2 requires 358.2). 

E.5-(6-N,N-DlbutylamIno-1-naphthyl)-vinylisoqumoline (21): Same procedure as 
described for 19. but using the phosphonium salt 10 and aldehyde 18. Yield 73%, 
yellow solid, mp 128-130 =0 (EtOAc); EIMS m/z 408 (M*). 365 (M^-CaHy. CasHaaNa 
requires 408.3). 

E/Z-5-(7-N,N-Dlbutylainlno-1-pheiianthryl)-vinylisoquinoline (22): Same 
procedure as described for 19, but using the phosphonium salt 12 and aldehyde 18. 
Yield 82%, yellow solid, EIMS m/z 458 (M*), 415 (M^-CaHr, C33H34N2 requires 458.3). 

E/Z-5-(8-N,N-DibutylamIno-1-chrysenyl)-vlnylfsdquinoIine (23): Same procedure 
as described for 19, but using the phosphonium salt 13 and aldehyde 18. Yield 80%, 
- yellow solid; FABMS m/z 509.3 (M+1 . C37H36N2 requires 508.3). 

Cyclisatlon of the alkenes 19-23»: A 5 10 ^ molar solution of the con-esponding E-or 
E/Z-alkene was irradiated (45 min-40 h, duran glass, room temperature, CH2CI2, 
unless stated othenwise) by a Hg high pressure lamp (TQ 150, Heraeus-Noblellght, 
Germany); after evaporation of the solvent the cyclisatlon products 24-26 were 
teniatftri hy flash nhr p matoaraphy (EtOAc:heptane 1:1);crude 27 and 2 8 were 
obtained by precipitation from CHCIs/MeOH and used for the final step without further 
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purification. * * 

7- N,N-Dibutylaniino-2-azaphenanthrene (24): yield 48%, 45 min irradiation (quartz 
glass, -30 ^C, 2-methyltetrahydrofuran), yellow oil; FABMS m/z 307.2 (M+1, CsiHsaNs 
requires 306.2). 

8- N,N-DlbutyiamIno-2-azachrysdne (25): yield 22%, 45 min irradiation (quartz 
glass, 0 ^C, cyclohexane), pale yellow solid, m.p.213 (EtOAc); EIMS m/z 356 (M*), 
31 3 (M^-CaH?. C25H2aN2 requires 356.2). 

10- N,N-Dlbutylamlno-3-azaplcene (26): yield 25%, 40 h In-adiatlon (cyclohexane), 
pale yellow solid (EtOAc), still containing minor impurities; FABMS m/z 407.2 (M+1 , 
CzgHsoNa requires 406.2). 

11- N,N-D!butylainlnobenzo[m]-3-azaplcene (27): yield 40% (crude product), 15 h 
irradiation: EIMS m/z 456 (M*), 413 (M*-C3H7, CasHgaNa requires 456.3). 

12- N,N-Dibutylaminonaphtho[5,6-m]-3-azaplcene (28): yield 46% (crude product), 
1 5 h Irradiation; EIMS m/z 506 (M*), 463 (M*- C3H7, C37H34N2 requires 506.3). 

ANNINES 3-7: A mixture of 2 mMol of 24-28 and 5.4 g (40 mMol ) 1 ,4-butane sultone 
was stirred at 120 for 4h «». The resulting precipitate is collected, washed with 
ether and purified by flash chromatography (silica gel. MeOH or CH2Cl2:MeOH:H20 
50:20:4 and Sephadex LH 20 (Pharmacia), MeOH) and recrystallised. 

ANNINE-3: yield 24%, yellow solid m.p. >300 8C(MeOH/heptane); FABMS m/z 443.2 
(M+l , C25H34N203S requires 442.2). 

ANNiNE-4: yield 35%, yellow solid m.p. >300 fiC(MeOH); FABMS m/z 493.5 (M+1, 
CzsHseNaOsS requires 492.2). 

* 

ANNlNE-5: yield 40%. red-orange solid m.p. >300 sc(MeOH); FABMS m/z 543.3 
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(M+l , CssHaaNzOaS requires 542.3). 

ANNINE-^: yield 21 %, red-orange soiid m.p. >300 2C(l^eOH); FABIVIS m/z 593.4 
(1^+1 , C37lH4oN203S requires 592.3). 

ANNiNE-7: yield 10 %. red soiid m.p. >300 ^C(l\/leOH); FABI\/IS m/z 643.5 (iy/l-i-1 , 
C4iH42N20dS requires 642.3). 

■ 

The structure of all dyes and intermediates was confirmed by mass spectroscopy and 
proton NMR. 

The triphenylphosphonium salt Di was obtained in four steps from 3-aminobenzoic 
acid via 3-N,N-dibutyiaminobutyl benzoate (1 -iodobutane and KzCOs)^^, 3-N,N- 
dibutylaminobenzyl alcohol (LiAlhU), 3-N,N-butylaminobenzyl chloride (with PCI5) and 

« 

subsequent treatment with PPha. This method is superior to the synthesis using 3- 
aminobenzaldehyde dimethyl acetai as a starting material^*. For the synthesis of D2 
we brominated 2-nitronaphthalene; the resulting 1 -bromo-S-nitronaphthalene^**^ was 
reduced to 6-amino-1 -bromonaphthalene (SnCU.HCI). Alklyatlon with 1 -iodobutane 
leads to 1-bromo-6-N,N-dibutylaminonaphthalene^. Via 6-N,N-dibutylamino-1- 
cyanonaphthaiene^ (CuCN) and 6-N,N-dibutylaminonaphthaiene-1 -carlsoxyllc acid 
(NaOH) we obtained by reduction (LiAIH4) 6-N,N-dibutylamino-1 - 
hydroxymethylnaphthalene^*. (A direct synthesis starting from 1-bromo-6-N,N- 
dibutylaminonaphthalene via the iithiated intermediate euid subsequent reaction with 
fonnaldehyde was less effective.) After bromination (PBra)^^ of the alcohol, a 
treatment with PPha resulted in Da. 

To obtain D3 we joined Di to 2-methoxymethyibenzaldehyde^ by a Wittig reaction. 
Photocycllzation of the alkenes E/Z-2-(3-N,N-dlbutylamino-styryl)benzylmethylether 
.produced 7-N,N-dlbiJrtylamino-1-methoxymethylphenanthrene, By ether cleavage we 

a 

obtained 7-N,N-dlbutylamlno-1-bromomethylphenanthrene and with 
triphenylpho sphine the product Da. Starting from De the same reaction sequence was 
performed to obtain D4. " ■ 
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The acceptor moiety Ai was commercially available. Aa was obtained from 5- 
bromolsoquinoline^^ (Bull, then DMF)^^. Proper donor and acceptor moieties were 
chosen for WIttig reactions and subsequent photocyclizatlon» to build up the scaffold of 
the ANNINES. So for example 1^3 and A2 were used for the formation of the six anellated 
rings of ANNINE-6, The last synthetic step was the reaction with 1 ,4-butane sultone. 

References of Example 1: 

(20) Hassner, A.; BIrnbaum, D.; Loew, L. M. J. Org, Chem. 1984, 49. 2546. 
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(22) Fleser, L. F.; Riegel, B. J. Am. Chem. Soc. 1937. 59, 2561 . 

(23) Newman, M. S. J. Am. Chem. Soc. 1937, 59, 2472. 

(24) Szmuszkovicz, J.; Bergmann. E. D. J. Am. Chem. Soc. 1953, 75, 353. 

(25) KInnse, W.; Kund, K. J. Am, Chem. Soc. 1989, 111, 1465. 

(26) Osborn. A. R:; Schofleld, L. N. J. Chem. Soc. 1956, 4191. 

(2) Sainsbury, M.; Brown, D. W.; Dyke, S. F.; Cllpperton, R. D. J.; Tonkyn. W. R* 
Tetrahedron 1970, 26, 2239. 

(28) Rodionov, V. M.; Alekseeva E. N.; VIeduts G. J. Gen. Chem. USSR 1957. 27 
809. 

(29) Muszkat, K. A. Top. Curr. Chem. 1980, 88, 91 . 



Example 2 

Absorption and fluorescence spectra 

Solutions. We studied the absorption and fluorescence spectra in 1 7 solvents of 
Increasing polarity: chloroform, decanol, benzyl alcohol, dichloromethane, octanol, 
cyclohexanol, hexanol, pentanol, cyclopentanol, butanol, propanol, ethylene glycol, 
dimethylformamide, acetone, ethanol. acetonitrile and methanol. Solvents of highest 
available purity were used (Merck, Darmstadt and Sigma. Taufklrchen, Germany). 
Stock solutions were made from methanol and chloroform at a volume ratio of 1 :2 at 
a concentration of 1 mM for ANNINE-3, ANNINE-4 and ANNINE-5, and due to lower 
solubility 200 \M for ANNINE-6 and ANNINE.7. These stock solutions were diluted 
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by the different solvents to a final concentration 5|iM, with the exception of ANNINE-7 
In pentanol, butanol, acetone and acetonitrile where a concentration of 1 |il\/l was 
used. 



Spectra. Absorption spectra were measured with a Varian Gary 3E spectrometer 
(Varlan, Mulgrave, Victoria, Australia) at room temperature. Emission spectra were 
measured with a SLM Aminco 81 00 fluorescence spectrometer that was adapted to 
the long wavelength region with a Spectra Pro-275 monochromator from Acton 
Research (Acton, MA, USA) containing appropriate gratings for the wavelength 
region up to 1 200 nm and an avalanche photodiode as a detector (Polytec, 
Waldbronn, Germany). The spectrometer was calibrated with a 45 Watt quartz- 
halogen tungsten coiled filament lamp (OL 245M, Oplronlc Laboratories. Orlando, 
USA) as a standard of spectral Inradlance. Calibration and measurement of the 
spectra were performed under magic angle conditions'". For ANNINE-3 the excitation 
bandwidth was 8 nm and the emission bandwidth was 18 nm. For ANNINE-4. 
ANNINE-5. ANNINE-8 and ANNINE-7 we used an excitation bandwidth of 16 nm and 
sui emission bandwidth of 1 8 nm. 

Evaluation of maxima: The ma)dma of the absorption spectra were automatically 
calculated by the Varlan Gary software. For evaluation of the fluorescence maxima 
we fitted a log normal cun/e to each spectrum^' according to Eq. 1 with an amplitude 

. a spectral maximum , a spectral width W and a spectral asymmetry 
b , excluding the contribution of the S0/S2 transition. 

- -^i --- J,}/J^2 1 <^ > 

The maximum was taken from the fit For those solvents, where the second order 
Rayleigh scattering peak of the excitation light appeared on the flank of the spectnim, 
only the region of the maximum was used for evaluation. 



Solvatochromlsm. The wav enumbers v;^, and v"^ of the maxima of absorption 
and emission of the five hemicyanine dyes ANNlNb-3 to A NNINb-/ m 1 7 solven t s • 
are plotted In Figure 3. The solvents ars characterized by the polarity function 
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F J (e . n) defined by Eq. ^ that depends on the static relative dielectric constant e , 
the refractive index n of the solvent and an intramolecular dielectric constant . 

(2) 

, The values of F,(e,n) with e,=2 are for chloroform 0.11 20, decanol 0.1 623, 
benzyl alcohol 0.1697, dichloromethane 0.1722, octanol 0.1779, cyclohexanol 
0.1915, hexanol 0.1971, pentanol 0.2011, cyclopentanol 0.2016, butanol 0.2136, 
propanol 0.2223, ethylene glycol 0.2272, dimethyiformamide 0.2273, acetone 
0.2294, ethanol 0.2342, acetonitrite 0.2479 and metiianol 0.2497. 

« 

With all dyes there is a common trend for the maxima of absorption and 
fluorescence: increasing polarity shifts the absorption spectra to the blue and the 
emission spectra to the red. For each dye that divergent solvatochromism is rather 
symmetrical over the whole range of accessible polarity. I.e. it seems that the 
solvatochromism can be assigned to an increasing Stokes shift v^,- v'^ with an 

invariant average (^Zbs+'^'emV^ • • 

Solvatochromism. From the experimental wavenumbers of absorption and emission 
in Rg. 3 we evaluate the averages (v;x+v~„)/2 and differences (^«~^«iity2 

« 

and plot them versus Fi(E,n). As shown in Figs. 4a and 4b, the values of 

(v"«+v;„)/2 vary only by a few percent over the whole range of polarity, whereas 
the values of (^«"" ^«m)'2 increase rather linecu'ly. 

Electrochromism. When a dye with an intramolecular charge displacement 

is placed in an external electrical field, its absorption and emission band are shifted 

by a linear molecular Stark effect. In a biological membrane, the change of the 

electrical field is given by the change of membrane voltage ^ and by the 
membrane thickness • 
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We plot the expected electrochromic shift in a membrane of thickness 

dj^=4 nm and a voltage change AVj^=i0OmV versus the solvatochromic 

sensitivity ^ v" ^ in Fig. 8 for three different radii a= 5, 7, 9 A assuming a perfect 
orientation cos — 1 . 

The experimental solvatochromic sensitivities A vj^,^ of the ANNINE dyes are 
marked by vertical lines in Fig. 6. The experimental electrochromic shifts of 
ANNINE-5 and ANNINE-6 in a neuron membrane are indicated by dots.^^ The 
electrical response In the neuron are In a range predteled by solvatochromism. Yet. 
the increase of electrochromism from ANNINE-5 to ANNINE-6 is stronger than 
expected for constant orientation cos -& in the membrane and constant effective 
radius a in bulk solvents. 



19 



also of BKBIQ. di 



%& voltage sensitivity of the anellated 

* 

hemicyanines ANNlMB-6 and ^ANNINE-5 and 

ANEPBS and RH^r. Twodim^on^ fluorescence spectra of excitation and emission 
aie measined in leech neurons at defined membrane voltages. The voltage mduced 
changes of fluorescence are parametrized in terms of changes of spectial parameters. 

.d^aH^ ANNM dyes are fer more voltage sensitive than the classic^ 
dyes and ^their sensitivity can be assigned ahnost completely to an identical spectral 
shift of excitation and «nission fliat is caused by a molecular Stark effect 



Dyes. The styryl dye RH^21 [11] was obtained fiom Molecular Probes 
(Eugene, OR. USA). The styiyl dye di-4-ANEPBS [9] and the biary) dye BNBIQ [22] 



ANNINE-5 



ANNINE-6 



Neurons. Ganglia of the leech Hirudo medicinalis (Moser, Schomdor^ 
Germany) were dissected ond pimied on a Sylgard coated dish in Leibowitz-15 medium 

■ 

(L-5520, Sigma, Deisenhofen) with 5 mg-'ml glucose, 0.3 mg/ml glutamine and 3 ngtol 
g«itamycm sul&te (G-3632, Sigma) [24]. After opening the tissue capsules the ganglia 
were incubated in dispase/collagenase (Boehringer, Mannheim. 2 mg/ml h-15 medium) 
for Ihour at room temperature. Retzius ceUs (soma diameter 60- 90Mm) were 
dissociated by aspiration mto a fiiepolished micropipette and washed widi Leibowitz. 
15 medium [24]. The cells were seeded on an uncoated glass cover slq> in a siUcone 
chamber (Rexiperm-mikro 12. Vivascience AG. Hamiover. Germany) with Leibowitz- 
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15 medium and 2.5 % fetal bovine smun (10106, Gibco, Eggenstein) and kept for one 
or two days at 20''C. 

Staining. The dyes were solubilized in Leibowitz-15 medium with sodium 
chelate (Sigma, St Luise, USA) [25]. We used 43 mM RH^21 with 10 mM cholate. 
4.3 mM di«4-ANEPBS with lOmM cholate, 10 mM BNBIQ with 10 mM cholate, 1 mM 
ANNINE-5 with 23 mM cholate and 1 mM ANMINE-6 with 25 mM cholate. After 
centrifiigation, the staining solution^ woe added to die caltuie diambecs with the 
neurons at a volume ratio of 1:1000 30 min before patching. The solubility of the dyes 
m watar decreases m the seri» RH-421. di4-ANEPBS, BNBIQ, ANNINE-5 and 
ANNINB-6. In correspondence, flie fluorescence mtensity of cells stained with RH-421 
and di^ANEPBS dropped after exchanging the medium by a dye-free solution due to 
desoiption &om the cells, whereas the intensity with ANNINB-5 and ANNINE-6 

« 

remained constant for at least 1 .5 h. With respect to bleachmg and phototoxicity, we did 
not observe significant differences under comparable conditions of staining and 
illumination. 

Electrophysf ology. Patch pipettes wi& a tip diameter of 5 - 10 jun were made 
from micro haematocrite tubes (AssistCT^ Karl Hecht, Sondheim/Rh5n, Gomany) 
using an all-purpose puller (DMZ-Universal Puller, Zeitz-lhstnuxiente, Augsburg, 
--GeHnany)...They4vere-fiUed..with.J4a.mM.J«3, J..5mM.l^^ and 
10 mM EGTAj pH 7.3. The resistance of the pipettes was around 0.4 MQ. The pipettes 
widi Ag/AgCl electrodes were comiected to a single electrode patch-clamp an^lifier 
(SEC-IOL, npi, Tamm, Germany). The patehing of Retzius cells lead to a seal resistance 
of about 500 MQ. Whole cell contact [26] was achieved by breaking the membrane by 
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suction using a water-jet vacuum punip. The bath was held on ground potential with a 
Ag^AgCl electrode. We kei>t the cells at an intracellular voltage of V„ = -40mV. The 
fluorescence spectra were measured at a hypeipolarized voltage of = -lOmV and a 



voltage of about r„ «10wF. 



Optical setup. TTie spectrometer is sketched in Fig. 2. It is built on the basis of 



Obeikochen, 



aperture oil immersion objective (Neofluar lOOx/1^ ofl). The K^t of a 75 W Xenon 
short arc lamp (Ushio, Hyogo, Japan) is spectrafly resolved (resolution 16 nm) by a 



moDodhromator 



(J&M). 



optical multimode fibre (diameter 1.2 
are illuminated Ihrougji a dichroic mirror (AHF Analysentechnik, Tfibmgen, Germany) 



wi& a spUtthig wavelength of 520 nm for RH-421, di-4-ANEPPS, BNBIQ and 



ANNINE-S. 



and a luminous field di^diragm. The ]xf^ emitted by the stained cefl is coUected by the 
objective. It passes through the dichfoic mirror and a long pass filter (AHF 
Analysentechnik. Tiibmgen) with cutoff at 520 nm for RH-421, di-4-ANEPBS, BNBIQ 
and ANNINE-6 and at 470 nm for ANNINE-5 and is suided hv «n 



(J&M) 



1135 nm at a resolution of 3. 1 



CaUbrated finorescence spectra. In order to derive molecular parameters fiom 
the experimental data, the twodimensional spectra of excitation and emission were 
caUbrated. TOie number of excitations per utdt time in a membrane area 4_ with n 
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molecules per unit ai«a is A^^e{X^)lf {Jij6Ji„ with the molecular cioss section of 
absoiption e{Xj and the quantum intensity of illumination per wavelength interval 
('^fe, ) at a bandwidth AX„ . The number of detected quanta p« unit time ,X ) is 
given by Eq. 1 with the quantum yield *„, ifae nonnalized quantum spectrum of 
fluorescence per wavelengfli intehral and the efficiency 7"-(4,) and 

bandwidth AA^ of the recording system. 



We obtain a twodimensional flnorescence spectrum that is defined by molecular 
paiameters when we divide Eq. 1 by the number of dye molecules A^n^ and by the 

* 

s^tia and bandwidths of illumination /f (A„>U„ and recording 2"«(4„)aA„ . The 

« 

resulting fluorescence spectrum of excitation and emission per unit wavenumber of 
emission F^{V„,vJ=e{vJ<S>^,{v^) is given by Eq. 2, considering the relations 
M^^)^ !Lfx{^„) and e(r„) = €(Aj. 

_._ . JTS^I^^^.^^?^^ an arbitrary &ctor by caUbiating the recording 

system (objective, dichroio minor, long pass filter. 0.6 mm fibre optics, monochromator 
and diode array). We place a standard lamp (OL245M. Optronic Laboratories, Orlando. 
USA) with a known quantum spectrum lf{X) on tiie microscope and measure tiie 
response P'=^(A) = /r'(A)r~(^)A;i„ of the photodiode array. We probe tiie 
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iUimunation (Xe lamp, monochromator. optical fibre, broadening optics, dichioic nunor 
and objective) with a calibrated detector of efficiency T'^{X) and 



AA. For 



that putpose we use part of our recording system - die 0.6 mn optical fiber with 



monochromalor and diode anay - that is again calibrated by illuminating the fiber end 
with the standard lan^. With Am, fiber end on flie microscope, we measure 
/>™(A)=/f (Ar',A)r"'(A>U for each A^" set at the monochromator. Hie resulting 



Spectra 



excitation wavelentfa A„ and an integral tiiat represents the intensity I'J^{;i^)AZ„ up to 
a constant &ctor. 



ProtocoL The measurements were started 30 min after staining. Under voltage 
clanv, flie voltage sensitive fluorescence is investigated with the foUowing protocol: (1) 
opening of the shutter. (2) selection of an excitation wavelength , (3) after a delay of 
100ms hyperpolarization of the ceU to ^-70mV, (4) recording of a con^lete 
emission spectrum in a range of 4„ =510-833«iii for RH-421. di-4-ANEPBS. 
BNBIQ and ANNINE^ and =460 -833«m for ANNINE-5 widi an integration 
time of 200 ms, (5) after a delay of 100 ms depolarization to about V„ ^lOmV , (6) 
recording of two complete emission spectra, (7) after a delay of 100ms 
hypeipolarization to =-70«r. (8) recording of another complete emission 
spectrum, (9) closing of die shutter. Hie steps (2H8) are repeated for various 
wavelengflis of excitation in the range A„=360- 510«m fi>rRH^21, di-4.ANEPBS, 
BNBIQ and ANNINE^ and A„«360-4«)«„ for ANNINE-S at a stepwidth of 5 «„. 
At eachexcitation wavelengdi the two spectra of die hypeipolarized ceU are avwaged as 



to 
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well as the two spectra of the depolarized ceU to obtain the spectra PiZ„,A„) at the 



twodimensional 



« 

according to Eq. 2 up to a constant fector using flie spectra Ixi^,)^^ and 
J""('L,)AA„ given by caUbration. At the hyperpolarized voltage the spectrum is 
scaled to its maximum as F^jF^-"^ . M the depolarized voltage the spectrum is 
scaled by the same fector as F^ jpp^MAx _ 



2D spectra. The relative fluorescence spectra per wavenumber interval of 
emission F„ {v„,v^)If^ in Retzius neurons at a volta^ =-70»iF are plotted in 
the left column of Fig. 8 for RH-421, di4-ANEPBS, BNBIQ and ANNlNB-5 and 
ANNINE^. They axe limited at fte ted end of excttalion and the blue end of emission 
by the dichroic mirror of the miciospectrometer. Ihe maxima reflect the position of the 
upward and downward vfljroelectronic transition between the So and St states of the 
dyes. They are shifted to higher wavenumbers of excitation and emission in the 
homologous series RH-421, di4-ANEPBS, BNBIQ and ANNINE-S and also in 



ANNINE-6. With respect to excitation, a second band appears in the ANNINEs at 
wavenunibers due to the S0/S2 transition. 



ID spectra. In order to study the interdependence of excitation and emission, we 
consider mission spectra per wavenumber of emission F^{v„) at various wavenumbers 
Of excitation v„ and excitation spectra F ^yJ) per wavenumber of emission for 
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various wavenumbers of emission r„ in the tv.odimensi<mal spectra. H^se 
onedimensional specte are fitted by logaonnal fimctions [27] accordmg to Eq. 3 wilh 
an ampUtude F,"-. a spectral maximum , a spectral width and a spectral 
asymmetry b , excluding the contribution of the S0/S2 



pUAX 



6Vln2 



(3) 



Fig.?shows the paiametBTS of the emission spectra i^j^, Fr„ and 6„ as a 
fimction of the excitation wavenmnber F„ and the parameters of the excitation spedxa 

and 6„ as a fimction of the emission wavenumbarF^.llMs maximum of 
excitation is shifled to the bhie at high wavenumbers of emission, and the maxinmrn of 
emission is shifted to the bh« for hi^er wavem^umbers of excitation. Such effects are 
expected for hemicyanine dyes when the solvent is incompletely relaxed in the 
excited state [iq. However, these shifls of the spectml maxima as weU as all other 
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Spectral 



compared widi the width of the spectra and the difference of excitation and 



lission 



spectra. 



foUowing evaluation of the twodimemional spectra the ^oximation that excitation 



tdependent 



m of 2D spectra. In order to attam aweU defined parametrization of the 
fluorescence spectra, we fit the nonnalized 2D spectra F,{v„,vJ/f»^ shown in the 
left cohnnn of Fig.S by products of two lognormal spectra according to Eq. 4. 



(4) 

I 

t 

* 

Considering F^{i^„,V^)=e{v^)^^f^{v^) with the cross section of absorption 
^(*«) and the quantum yield and nonnalized quantum spectrum of emission 
fwi^m)* product function of Eq. 4 accounts for the spectral shape of absorption and 
emission. The five sets of the six spectral parameters are summarized in Table 1, the 
fitted 2D spectra are displayed in the left column of Fig.4c? We note a distinct 
asymmetry of the 2D spectra, in particular for ANNINE-5 and ANNINE-6 with steep 
slopes towards the red in excitation and towards the blue in emission. To illustrate the 
quality of the fit, we check onedimensional sections along tiie axes of excitation and 
mnission. The upper graphs of Fig.4i show flie data and the fit fimction. The good 
agreemCTLt - except for high wavenumbers of excitation where the contxibutipn of the 
S0/S2 transition is significant - confirms the validity of the approach. Also the 
onedimensional spectra exhibit the steep slopes in flie red of the excitation band and in 
the blue of the raussion band* 

Table 1 



Voltage sensitivity. The spectrum of voltage sensitivity Sy{v^,v^) is defined 

as the relative chani^ of fluorescence intensity per change of membrane voltage 
■according to E< 
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(5) 



We obtain it by subtracting the relative spectrum F^/f^-*^ at a 
hyperpolarized voltage from tbe scaled spectrum F^^jp^'^ at a depolarized voltage 

« 

and division by F^^/F*-^ «»d voltage difference A r^. Hie results - scaled to a 
voltage AF^ =100i»r - are shown in the rigjit column of Fig.6. AU sensitivil 



spectm 



exhibit tivo regions: at high wavemnnbers of excitation and emission, the fluorescence 
is enhanced, at low wavenumbers the fluorescence is reduced, Tha magnitude of this 



ANNINE- 



ANNINE-6. 



— 

sensitivity is in the range of ±l(WVl(K)«F for RH-421, ±15%/100wrfor di-4. 



ANNINE-S 



ANNINE-6. 



Parametrized voltage sensitivity. A prirameHization of voltage sensitivity is 
achieved by fitting the scaled spectra F^^jp^'^ and F^If^'^ at the two 

* • 

voltages by products of lognormal fimctions accordmg to Eq. 4. The resulting 
differences of the spectral parameters Ai?:^. apt aw aa aj. 



are small fiwr aU dyes. For that reason we can assume that die changes of die 
spectm are linear witii respept to changes of die spectral parameters, and we are aUo wed 
to scale the parameter changes to a standard voltage change of Ar^ =100mr as it is 
typical for neuronal excitation. Tlie resulting differences are shown in Table 2. 



Table 2 
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icement 



Using the fit parameters from Tables 1 and 2. we reconstruct the sensitivity 
spectra SAK.,^J according to Eq. 5. The results ate displayed in the central colunm 
omgAOin a range where the relative change of intensity is above 10%. For ANNINE- 
6, ANNINE-5 and BNBIQ. the fitted sensitivity spectra exhibit a distinct enhanc 
and reduction of fhiorescence at high and low wavenumbeis. respectively. In particular, 
we note the steep mciease of negative sensitivity wife decreasing wavennmber of 
excitation in the red comer of the 2D spectrum and the steep increase of positive 
sensitivity with mcreasing wavenumber of emission in the blue comer of the 2D 
spectrum. For the two styryl dyes the sensitivity spectra are more mvolved. 

To illustrate the quality of the sensitivity spectra S^^^.V^) reconstructed from 
Ihe fit of the twodunensional spectra at two voltages, we select onedhnensional spectra 
SyivJ and Sy(v^) across fee sensitivity data (Fig. 3) and across the fitted spectra 
(Fig. 5). They are shown in Fig./«4 and exhibit a good agreement, except fi,r hi^ 
excitation wavenmnbeis where the S0/S2 transition contributes and at low emission 
wavenumbers where the intensity is modest 



across a cell monbiane may in principle 
affect-the-electronie structure of abound chromophore, its vihroelectronic coi 




its interaction with the matrix. It may change the electronic 00 transition energy, the 
Franck-Condon fectors of excitation and emission, the transition dipole moments and 
radiationless deactivation channels. As a result, the twodimensional fluorescence 
SP«^ Mv«,^a„) = eK)^^M9^„) may be modulated dirough the absorption 
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9 

spectnim e{vj , liie quantum yield of emission and the nonnaUzed quantum 



spectrum of emission Mv^)- The sensitivity spectrum defined by Eq. 5 leflects 
changes of all these molecular parameters acctoding to Eq. 6. 

In feet, when we fit flw twodimensional fluorescence spectra at two voltages by 
products of lognonnal fimctions, we find that the joined ampUtude P*^ and aU 
spectral parameters of excitation v^, b„ and of emission V"^ W b am 



Kfied by an electric field as summarized in Table 2. An assigment of these 
parameter changes to molecular mecbanisms, however, is difficult E.g. spectral shifts 



and A may arise not only fijom a change of the electronic 00 energy, and 
changes not only fi»m a changed fluorescence quantum yield, but in 

both cases changes of spectral shap& contribute, too. It is a further problem that the 
paiameter changes Ar^, Ai^^. Afr„, Afr„. A&„. 6Jb„ and AF^ are derived 



ttt)M 



a small differraice of two spectra, a procedure fliat impUes a large error. For boA 
rbasons we do not attempt to provide a detailed mechanistic interpretation of voltage- 
sensitivity. We consider only one aspect, the possible contribution of a molecular Staric 
effect 

* 

Electrochromism of excitation. A typical feature of voltage sensitivity of aU 
hemicyanines considered is a blue shift Af?f of aU excitation spectm induced by a 
positive change A^^ of the membrane voltage (Table 2). That blue shift increases in 
the homologous series RH-421, di-4-ANEPBS. BNBIQ, ANNINE-5 and also in 
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ANNINE-6, To confirm the significance of that observation, we repeat lie evahiation of 
the spectral data in terms of a product of lognormal fimctions (Eq. 4) with five 
parameters at constant spectral asymmetries b„ and and also with three parameters 

* 

at constant asymmetries and constant spectral widttis W„ vdA W^. The resulting 

spectral shifts are summarized in Table 3. Apparently, the systematic blue shift of 
excitation is rather insensitive to the fit procedure. 

We assign the blue shift of excitation to a molecular Staik effect of the 

■ 

membrane bound chromophores [28-31]. Due to their amphqihiUc structure, the 
hemicyanines may be expected to be bound to the sur&ce of the neuron membrane with 
a distinct orientation [18, 19]. In that case, an intramolecular charge displac^ent Afi^ 



by electronic excitation fi»m the pyridinium to the aniline moiety is directed against a 
change ^ = ^Vuldu of the average electrical field in ^ membrane of diickness rf„ as 
induced by a positive change AF^ of the membrane voltage. Hie expected bhie shift is 
expressed by Eq. 7 with a projection cost? of charge displacement on the memlnane 
nonnal (Planck's constant h , velocity of li^t c ). 

hcLV^ = A//io AEcost? 



From the experimentals shifts we estimate the charge displacement 

AfisoCosO along the membrane nonnal for AF^=100»iF and d^^Amn, 
Considering the fit with seven parameters (Table 2), we obtain for RH-421, di-4- 
ANEPBS, BNBIQ, ANNINE-5 and ANNlNE-6 values of 12, 21. 24. 31 and 39 Debye. 
The effective displacements of an elementary charge along die membrane nonnal 
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i^t^BoK) cost? aie 0.24 nm, 0.43 ««, 0.51 nm, 0.65 nm and 0.81 nm. Wilh respect to 
diaige displaceanent, ANNINE-e is better by fector of three than the classical styiyl dye 
RH^21. The enhancemeat may be due either to a stranger intramolecular <^e shift 
AA/£b or to a better orientation cost? in Ihe membrane. A discrimination of the two 
effects is not possible on the basis of the present data. It may be achieved by systematic 
measurements of the chromophoie orientation in the nemon membrane and by 
quantumchemical computations of the electronic structure of the chromophores. 

Electrochromism and membrane solvatochrombm. The assignment of a 
Staik effect to the electiochromic blue shift is confirmed by a consideration of 
solvatochromism in flie neuron memb^. Due to their orientation, the chromophores at 
the memhraneAvater interfece are in an. extremely mhomogeneous environment that 

■ 

may give rise to specific solvatochromic effects with amphiphiUc hemicyanines [32]. 
We have to distinguish the effect of local polarity and the effect of the local polarity 
gradient [33]. hi homogeneous solvents, a changing polarity gives rise to a symmetric 
opposite shift of excitation and emission spectra with an invariant average wavenumber 
Poo=(i^^+r^)/2 of the 00 energy [12]. .As- a consequaice, a shift 
APi, -i7„ of the average wavenumber m Ae membrane may be considered as a 



quantitative indicator ««• an effect of the polarity gradient The wavenumbers K 



mem 

00 m 



the neuron membrane and the 00 energies V„ m bulk solvents [12. 23] are summarized 
in Table 4. There is indeed a large blue shift for aU dyes that increases in the series RH- 
421, di-4-ANEPBS, BNBIQ, ANNINE-5 and ANNINE-6. 
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We may expect that tiie solvatochroimc effect of the polarity gradient is related 
to the intramolecular charge displacement At^Eo cos t? across the polarity gradient Thus 
we express flie blue shift Ai^o^ by Eq. 8 



(8) 



•Hie effective internal electric field characterizes the strength of the gradient 
On fbe basis of Eq. 8 the increasing solvatochiomic blue shifts At^oo in the series RH- 
421, di-4-ANEPBS. BNBIQ, ANNINE-S and ANNINE-6 reflect an increasing charge 
displacement A//«,costf. As electrochromism caused by a Stark effect and 



solvatochromism 



by a polarity gradient are both proportional to Aji^coai9, 
we oqiect a proportionality of the electrochromic shift Av^ and the solvatochromic 
shift Avoo • In fact, Fig.42 shows such a linear correlation with AV"^ = 0.04SAr and 



confirms the consistency of our interpretations. 



Ideal Stark effect probes. A molecular Stark effect may affect not only the 
excitation but also the emission of a dye. The resulting spectral shift is desoibed by 
Eq.9. 



*cAFjf« ^Afigg AEcost? 



(9) 



In fiict, fi>r BNBIQ, ANNlNE-5 and ANNINE-6 we observe electrochromic blue 
shifts of emission that are abnost identical to those of excitation (Table 3). We assign 
that correspondence to an identical molecular Stark effect for excitation and emission 



with an identical charge shift A^«,co8t> due to an identical dectranic transition and 
an similar orientation of the cbromophoie for excitation and 



emission. 



To test, how fer the Staik effect of excitation and emission dominates the 
voltage sensitivity of BNBIQ, ANNINE-S and ANNINE.6, we confute the sensitivity 
spectnm S^{V„,VJ for an identical blue shift of excitation and emission at invariant 
spectral shape and ampHtude with AW^:;, = AJT^ = A6„ = A6„ .= AF«^ = 0 usmg 
Eqs.4 and 5. Choosing the averages Av^^{av^ +Ay^)/2 of the blue shifts 
fiom Table 2. we obtain Fig.-f^ Tbc computed voltage sensitivities are most similar to 
flie fitted spectra in the central column of FigKOj BNBIQ, ANNINE-5 and ANNINE^ 
are ahnost ideal Stark probes for voltage changes in nerve cells. 



When we express the voltage sensitivity a pure Starlc effect by Eq.6. 
considering a small spectral shift Ai^^ . we obtain Eq. 10 in tenns of Ae derivatives of 
the absorption and emission q>ectium e'= de/dV^ and /»= df jdV^ 



I^Vm I c(i^J T(0 (10) 



nie voltage sensitivity Syiy^^rJ^ d^ends not only on the spectial shift caused 
by the intramolecular charge displacement, but also on the shapes of flie absorption and 



em^sion spectra that are detennined by the Franck-Condon fectors of the 
vibroelectronic transitions. The relative slope of the excitation spectrum for ANNINE-S 
and ANNINE-6 is highest and positive in tiie red, whereas the relative slope of the 
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emission spectrum is hi^t and negative in the blue as shown in Figsit0and4( The 
relative slopes are distinctty smaUer in the blue of excitation and inlfae red of emission. 
However, due to their different sign, the optimal sensitivitites with respect to excitation 
and emission cannot be combined. For optical recording we may choose tiie red comer 

■ 

of the twodimensional sensitivity spectra as ittustrated in Fig.10 In accoidance with 
Eq. 10, the sensitivity increases dramatically in the red of excitatioii but only modestly 
in tiie red of emission as illustrated also by the onedimensional spectra of Fig./f-f. 

Styiyl dyes. For the styryl dyes di^ANEPBS and RH421 the ^ectral shifts of 
excitation and emission are pot identical (Tpble 2). The blue shift of emission for di-4- 
ANEPBS is about 50% of the blue shift of excitation, and RH-421 even exhftits a red 

* 

shift of emission. These . results do not depend on the fit procedure (Table 3). 
Apparently, with these dyes the emission is affected by atbsr efiects besides a Staik 
effect. Possibly, the electrical field changes position and orientation of the excited 
chtomophores, resulting in a field induced solvatodirbmic red shift of emission that is 
supposed to a Staik effect 

Optical recording. The sensitivity function Sy{V„,P„) reflects molecular 
features of the membrane bpund dye according to Eq. 6. However, the photodiode 
signal AP(F„, v^) due to a voltage change AV^ of neuronal activity in an experimental 



setup of optical recordihglloes noT only de^^ 

staming, iUumination and detection. Considering Eqs. 1 and 2 we obtain Eq. 1 1: a high 
re^onse requires a large observed membrane area 4^ , a hi^ density of dye 
molecules per unit area , a high quantum intensity of iUumination 



_^ a 

liigh ofiELci^cy of the detection - 




sensitivity 
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SAv„,vJ and - considering Mv^,yJ=e{^JM^r„)^„ - a high cross section of 
absoiption e(vj and a hig^li yield of fluorescence M^^^)^ 



(11) 



We consider an iUumination with a panow spectral band widdi at a wavenumber 
^th an integral intensity = //"(f^Vp^. and a detection ^th constant 

efficiency 7"«(F^)=r'~ within the spectral linuts and V^, of^cording. TT« total 
photodiode signal is given by Eq. 12. 



(12) 



An optimal signal is achieved by good staining, high iUmnination intensity, high 
detector sensitivity and proper selection of the excitation wavenumber »C and the 
emission filters v^l and i^- to attam a large integral over the product of sensitivity 
spectrmn and fluorescence spectrum. For illustration the normalized response spectrum 
Mi^.,^J=^Sy{fr^,VjF,{v^,V^)/Fr* is plotted m the dght colum6 of F,g.>fa 
Hi^est negative integrals are found in fte^red comer of the S5)ectnmi wifli 



an excitation 

wavenumber ^ at the mmimum of i?,(v;.,jr„) and with emission filters F-* and V 

on ' tn 

excluding flie region of positive response. The highest reponse increases significantly in 
the series RH^21, di^-ANEPBS, BNBIQ, ANNINB-5 and ANNlNE^e. 

Slgnal-to-noise. The total response expressed by Eq. 12 reflects the signal-to- 
noise ratio only if the noise is coi^tant. e.g. dominated by fte electoonic amplifier. If the 
jOiot noise of photons dominates [34]. we have to consider «tnoise level N = Jp/^ 
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that dep«ids on the total photon counts P and the time constant of the detector t 



.13. 



(13) 



In optimizing the signal-to-noise ratio, we have to take into account the role of 
photobleaching and phototoxicity of the dyes. These effects impair optical recoiding 
because dyes and cells &de away by iUumination. Both photochemical processes are 
detemiined by tiie number of excitations per unit time. The signal-to-noise ratio must be 
optimized with tiie constraint of a certain number of excitations per unit time fliat is 
tolerable for a certain experiment When we express the fluorescence spectrum by 
^v{K»y^he{v^)^^M^an) we obtain Eq 14. 



(14) 



Here tiie signal-to-noise ratio is expressed in terms of (i) the spatiotemporal 
lesohition T„4^ of tiie setup, (ii) flie number of excitations per area and 

.- . .^^^.l"'^^^l\^^^_^J^^^ 7"" 0„ and (iv) the sensitivity 

fimction Sfr(9^,v^) weighted by the fluorescence spectrum Mv^) witiiin the 
limits of detection. With a constraint I'»e(v:^)= comt. tiie choice of an optimal 
wavenumber of excitation and of optimal emission filters and v is determined 
by a weighted sensitivity function (Sy )) defined by Eq. 15. 



spectral 



(15) 



ANNINE 



negative values in the led comer of flxe spectrum. We e^ect a high signal-to-noise ratio 
^ we excite monochiomaticaUy at a laflier low wavenuinber . To keep ) 



enhanced 



iUumination intenshy. Of course, we have to limit the detection to the range of negative 
response. For iUustration. the weighted sensithdty fimction {s,(lC} obtained ftom the 



ANNlNB-6 



These features of the signal^o-noise ratio for /"^(r^ ) == con«. are expected &r 
a Stadc effect When we insert Eq. 10 m Eq. 15 we obtain Eq. 16. 



(16) 



When we choose k excitation wavenumber m the red where the relative slope 
of the excitation spectrum is steep, we expect an mcreasmg contribution of the Stark 
effect of excitation at a mther invariant contribution of the Stark effect of emission. 
Ihus we expect an mcreasmg signal^o-nbise ratio for an iUumination at the red »d 

of the excitation spectrum. Of course, the signal-to-noise ratio is proportional to the 
spectral shift by die Stark effect 
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The anellated hemicyanine dyes ANNINE-5 and ANNINE- 
ities in a neuion membrane that aie distinctly higher than the 



molecular Sfaik effect. Their exceUence for optical recording of neuronal excitation is 
due to a large inlramolecalar charge shift in connection with suitable Franck-Condon 
fectors of vibroelectronic transitions and a high quantum yield of fluorescence. Further 
improvements of thp voltage sensitive dyes must be directed towards higher 
photochemical stability and lower phototoxicity and towards a selective staining of 
individual cells in a tissue. 
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Example 4: 

LARGE VOLTAGE^ENSrrrVE DYE SIGNALS MEASURED WITH ONE ANH 
TWO-PHOTON EXCITATION mmio^ukhoj wiiu usstL AND 

ANMNE-6 is a new. completely anellated hemicyanine dye. Two-dimensional sensitivity 
spectra suggest the use of the extreme red edge of the excitation spectrum to achieved 
relative fluorescence changes m response to membrane voltage changes. Several biolScL 
preparations were used for testing. First. HEK293 cells weieltained by bath ^So? of 
tte ^e^tematmg ^eternal electric fields generated by applying voltoges be^e^n^? 
Ag/Aga-wn-es m a closed ch^ber (1). To achieve the Hght intenSe«!vS^ 

^"^'"^ ^ %l red edge of the excitatiorspectrum. we uf^ W 

scanmng microscopes with Ar-Ion Laser for one-photon excitation (488nm, 514mn) ^d 
Ti.Saiytare Laser for two-photon excitation (976nm). TTie fluorescence changes measS^ed 
with Ittfa Ime scans follo^Ved the appUed voltage, which was alternated eve:? 10 Sout 
discermble delay. We fomid relative fluorescence increases of more that 60 JlOO^V fw 
hyperpolanzmg membrane potential changes and decreases of more than 40%/lOOmV for 
depolanzmg membrane potential changes at 514nm excitation wavelength. Hie asymmettv of 
^LITkTw 1! expected given the spectral shape and a pure electrochiS^^ 

spectrjl shift We found changes of +40%/100mV and -30%/lOOmV both for one-phSton 
exatation at 488nm and two-photon excitation at 976nm . Preliminary measuremrate ^m 
cultured hippocampal sUces using a soluble variant of ANNINE-6 show f ast fluSS^^ 
changes of up to 8% upon stimulation of the Schaffer collaterals in CAl ^^"^'^^'^^ 
(1) D. Gross, L.M. Loew and W. Webb. Biophys.!., 50: 339-348, 1986. 
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"Munich 

Claims '2 & jy„f 2023 

1. A method of detemilnlng voltage changes by means of a voltage-sensitive dye 
characterized In that the voltage-sensitive dye Is irradiated with light having a 
wavelength at which the dye has an absorption ^ 20% of its absorption maximum 
and the fluorescence caused by in-adlation with light is measured. 

2. The method according to claim 1, characterized in that the wavelength of the 
irradiated light is such that the dye has an absorption ^ 2% of its absorption 
maximum at said wavelength. 

3. The method according to claim 1 .characterized in that the wavelength of the 
Irradiated light is In the longer wavelength range, related to the 
maximum. 




4. The method according to any of the preceding claims, characterized in that an 
increase or decrease of fluorescence is measured. 

5. The method according to any of the preceding claims.characterlzed in that it is 
used to determine voltage changes In ceils. 

6. The method according to any of the preceding claims, characterized in that it is 
used to determine voltage changes In membranes, especially cell membranes. 

7. The method according to any of the preceding claims, characterized in that 

ANNINE-4. ANNINE-6. ANNINE-6 or ANNINE.7 is used as a voltage-sensitive 
dye. 

8. The method according to claim 8, characterized in that a change of fluorescence 
radiation caused by the Stark effect is measured. 
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9. The method according to any of the preceding claims, characterized In that a two- 
photon excitation is effected. 
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Abstract Z a Juni 2003 



The present invention relates to a method of determining voltage changes, e.g. in cell 
membranes, by means of a voltage-sensitive dye. 
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I/^lt parameters of ^citation and emission spectra for the So/S» transition 

of hemicyamne dyes m neuron membrane. The speclial maxima Z 

^tralvndths Vr„ and Jfr„ and the spectral asjomnelries ^ are obtled 

nom tfvodunensional fluonescoice spectra at a voltaee of V =-vn,»ir v„ ««*.• 

products of two logaormal fimctions. " 
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1 i^i Y! sensitivity of the spectral parameteis of excitation and emission for 
the So/Si transition of tiie hemicyanine dyes in a neuron membrane. Twodimensional 
spectra of fluorescence are fitted with products of two lognonnal functions at two 
different voita^. The changes of ike spectral parameters - of the maxima AF^. 
Av^, of the widths AJF„. AW^, of the asymmetries Afc„ and AZ>„, and of the 
anq>litude AF^ - are scaled to a voltage change of Ar„ =100wF. Fot ANNINE-6 

&e width md asymmetry of excitation was held constant because of an oyerln> with 
00/02 excitation. ^ 
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If ' -'lOO^TILSr' ^f^"^ ™* * voltage change of 

flr^!." ?u : Twod^ensional fluorescence spectm at tviro diffi^tent voS 

1^ I'": loenormal^ftnctions. Il.e changes of H^^^ZZ 
Av„ andAv^ "® « a fit wilh seven changing sp«Ll oaiZ^ 

(maxima, widths, spectral asymmetries amplitude^ (iii a fit .^^i u 
parameters (maxii^ wid^^SSeT^dfim i fi? Sr^.^"^ changmg spectral 
parameters (m^^ampUtode)^ ^ ^ a fit with three changing spectral 
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Table 4. Membrane solvatochromism and eiectaochroinism. Hie averages of the 
naaxima of excitation and emission in the neuron membrane = iv'^ -v"^)/2 
the 00 energies in bulk solvents, ibe solvatochiomic blue shifts AV =i7'«" -ir 

********* "'^00 •^00 •^00 

and the electiochiomic blue shifts of excitation Av^ for an applied voltage change 
AVu =100mF in the neuron are shown. The Poo in bulk solvents are for RH-160 
instead of 42 1 and for di-4-ANm>PS instead of di-4-AN£PBS. 
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ANNINE-7 



Fig.l: Hemicyanine dyes with three to seven lineaiy anellated benzene rings. 
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Kg. 2. Scheme of synthesis of the ANNINE dyes. The donor moieties Dl - D4 and the 
acceptor moieties Al and A2 are synthetized separately. The chromphoies are formed in 
a Wittig reaction and by subsequent ring closure in a photochemical reaction. Finally 
buQ^lsulfonate groins are attached. 
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Fig. 3. Wavenumbers. Spectral data of ANNINE dyes in polar solvents. The maxima 
of the absorption spectra (wavenuinber sr„, upper dots) and the fluorescence 



spectra 



(wavenumber v„, lower dots) are plotted versus the polarity function F, of 17 
solvents. The straight lines are obtained fiom the fit of (v„ and (<r, -V )/2 



m 



. 4 according to a monopole-dipole model. The dashed lines ate the averages of 
die fitted relations of excitation and emission. 




Fig. 4: Wavenumbers. Spectral features of ANNINE dyes in polar solvents, (a) 
Average [v^ +'5^)/2 of the spectral maxima of absorption and fluorescence versus 
polarity function F,. Tbs data are fitted with a constant wavenumber Nr„ for the 00 

■ 

energy in vacutam. (b) H^lf of the istifces shift K-'^J /Tw^'^ian^^ 
Tine data, of ANNINE-3 to ANNINE-6 are fitted with straight lines. 



E 



>" 




angeben. Relation of electrochromic spectral shift 
and solvatochromic sensitivity. The electrochromic shift ASr^ expected for a voltage 
change of AV„ ^lOOmV across a membrane of tiuckness d„ =4nm is plotted v«sus 
the solvatochromic sensitivity AV^ . The charge shift is assmned to be in the direction 
of the membrane normal with cosi^ =1. Three different radii of the effective radius a 
are considered. The experimental solvatochromic sensitivities of the ANNINE dyes are 
by vertical lines. Two dots mark the experimental electrochromism of 
ANNlNE-5 and ANNINE-6 in a neuron merr.h«.n-:. 
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K^e ^ Voltege-sensitive amphipliUic hetnicyaaine dyes. (1).(4) Homoloeous series 

Siir^'^'^^^.^^-t^^^^ propylsulfcmate). bi^l dye BNMQ^d 
A ^^^y^ **ye ANNINE-5. nie confonnation at the sLigle bonds k 
inatched to the structure of ANNINE-5. (5) AneUatedhenucyai^ 
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f,^P- ^ ''^^ ^ a voltage sensitive dye is 

at a defined mtmceUular voltage by a nuctppipette using a patch-clamp k^p^" 

S^S.d oSS^I^" *~^gh monochromator. shutter. S^^; 

g>M) and olgective Hie fluorescence passes the dichroic minor and a lone oassfflto 
(LP) and IS detected by a diode array spectrometer. Hie complete flu««ic^^ltaS 
vol^ fi- a wide range of excitation- wavelengths at^JSTS^S^^S 
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Figured. Experimental twodimeosional fluoi^^ce^ecteai columi Color coded 
relative fluorescence intensity F^{^^,vj)l F^T in Retzius oeUs at a voltage 

^ ^ fimction of the wavenumbers of excitation (abscissa) and emission 

^Vt^'^^^.jfr^^^'^ coded voltage sensitivity of fluorescence 
^YV^*yem)-i^vlPv'^Vu. The diagonal lines mark equal wavenumbers of excitation 

r» » i» W «MfMaMM«AiM '1*1— J M.^ ^ — 
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Figure 9 Mutual dependence of excitation and emission spectra. Left: Soeci™i 
parameters of the excitation spectra (maximum r-. width fT^^^n^ 
function of the emission wavenumber Right: Spectral parameters of the e^ion 

spectra (maximum V^, width JT^. asymmetry b^y as a function of the excitation 
wavenumber V . ^^^u^m 
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-^-g«i:MP Two^e^ fluorescence spectra parametrized by a product of 
lo^oriMl fim^ons. Left colunm: c6lor <ibded relative fluorescra^ 
^v\Kc>^em)/ a* Vu'^-lOmV. Central colunm: color coded seositivity spectra 
Sr{K,*Km)''^7/K^Vu m a range where F^/F^>Q.I and where the S0/S2 
transition pla^a negUgible role. Right colunin: color coded relative response spectra 
Ry = AFp^/Fp^ 6V„ . The diagonals mark equal wavenumbers of excitation and 
CTMMiML White lines in the sensitivity and response spectra indicate the intensity levels 
F^/F/*^ = 0.33 and FJf^"^ ^0.67 . Black lines made the change of sign in 
.sensitivity and response. 
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Figore^ Onedimensional spectra of fluorescence and voltage sensitivity. Upper plots: 
spectra ofrelativemtensity of emission F.CfJ/f/*^ and of excitation )M 



M4X 



" ' "rrr-r"""" moicarea m wg. 3. I>ower plots: sensitivity spectra 

of «mssi(m and of excitation S^Vj. ITie dia^ liJes are onediiSlS 

sections of the fit with a product of two lognoimal functions taken from Fie 5 The 
wavenumbers of excitation and emission are marked by arrows. 
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Fig.'/Z. Electtocliromism and membrane solvatochromism. Blue shift of Ihe 

excitation spectra induced by a membrane voltage of AJ^=100mF versus shift 
Ai'oo=i7^-v^ of the average wavenumber of excitation and emission 
= ~^^)/^ in membrane wifli respect to &e 00 energy in bulk 

solvents. The dots refer to the dyes 1-5 in Fig. 1. The Unear regression line has a slooe 
of 0.045. ^ 
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Fi^e43 Vpltage sensitivity for molecular Staik effect Color coded sensitivity spectra 
Sy{p^.v^}=^^/FpAVu in a range of relative intensity F^/f^ >0A whrae.tlie 
S0/S2 transition plays a negUgible role. Tlie spectral shifts of excitation and of emission 
by a voltage change of AKj^=100j»ir are AF^^^lOlcm"' for BNBIQ. 
^v^=n2cm-' for ANNINB-5 and AF^=166ci»-' for ANNINE-6. ITie 
diagonals tnark equal wavenumbers of excitation and emission. White lines in the 
sensitivity and response spectaa indicate the intensity levels F^/fJ^ =0.33 and 
Ff/F^ = 0.67 . Black lines maik the dbange of sign in sensitivity and response. 
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Figure'1'r Weighted voltage sensitivity |{5p(v;,))|of ANNINE-6 versus wavenumber of 
monochromatic excitation (full Kne) f„ . py(vj)\ is proportional to the signal-to-noise 
ratio with the constiaint of a constant number of excitation processes per unit time The 
detection ranges from 12000cii|-' to 17600cin-» . For comparison Ihe relative excitation 
spectrum is plotted (dashed line). 
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Fig-IS-Structure of the new voltage-sensitive dye ANNINE-6 (a). Electric field 
application chamber (b). Cells are not drawn to scale. The Ringer flowes 
perpendicular to the paper plajn. 
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Fig./16 Voltage-sensitive dye signals from HEK293 cells stimulated by external 
electric fields. Fluoresc?ence is excited by an Ar-ion laser. XY scan (a) and XZ scan 
(b) at the horizontal line marked in (a) of a cell stained with ANNINE-6 show the high 

membrane affinity of the amphiphiUc dye. The open box In (a) markes the position of 
the line scan (c). Here It was scanned perpendicular to the external electric field. The 
line scan was aquired at an excitation wavelength of 514 nm and is the average of 

* 

1 2 measurements. The relative fluorescence changes increase when the excitation 
wavelength is Increased from 458 nm over 488 nm to 514 nm (d). The 514 nm 
time trace is the average of the in (c) marked traces. The relative fluorescence 
changes of (d) over the applied membrane voltage is not linear but fits to an 

* 

. exponential cun/e (e). For the calculation of the applied membrane voltage only the 

* 

diameter and not the shape of the ceil was considered. 
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HO.^ VoKaae-sensWve dye signals from HEKa93 cells with twoi,hoton excitation 
stimulated by external electric fields. XY scan (a) and YZ scan (b) at the vertical 
open box maifced in (a) of a cell stained with ANNINE-6. The open box in (a) also 
markes the position of the line scan (c). In this case we scanned parallel to the 
external electric field. Note the reverse fluorascence change in the opposite 
membran area8..The line scan was aquired at an excitation wavelength of 1050 ™. 
and is the average of 12 measurements. The relative fluorescence changes is rather 
•he same at 1010^. 1<B0»„ and 1050 «, excitation (d). The 1050 „« Ume 
trace is the average of the In (c) marled traces. The relative fluorescence changes of 
(d) over the applied membrane voltage Is fitted by an exponential curve (e). For the 
calculation of the applied membrane voltage only the diameter and not the shape of 
the cell was considered. 
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Fig^^ Spectrum and sensitivity of ANNINE-6 at the red edge of the exc'itation. The 
spectrum of ANNINE-S in a leech neuron (Kuhn & Fromherz) is fitted with a log- 
nomial function and interpolated (a). A pure Stark effect leeds to a spectral shift of - 
/+160 1/cm (Kuhn & Fromherz) for an extracellular stained cell and a voltage change 
In the cell of -Z+IOOmV (blue, green). The resulting relative fluorescence change Is 
shown In (b): Sensitivity measurements in leech neurons of a depolarization fit pretty 
well (black). Also the relative fluorescence change per ±100 mV are shown at 
different one-photon and two-photon excitation wavelength In HEK293 cells. The 
values were taken from exponential fits (e.g. Rg.2e. 3e). Measurements of 6 cells 
account for the diagramm. 
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